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By measuring the nuclear magnetic resonance (NMR) T−11 relaxation rate in the Br (bond) doped
DTN compound, Ni(Cl1−xBrx)2-4SC(NH2)2 (DTNX), we show that the low-energy spin dynamics
of its high magnetic field “Bose-glass” regime is dominated by a strong peak of spin fluctuations
found at the nearly doping-independent position H∗ ∼= 13.6 T. From its temperature and field
dependence we conclude that this corresponds to a level crossing of the energy levels related to the
doping-induced impurity states. Observation of the local NMR signal from the spin adjacent to the
doped Br allowed us to fully characterize this impurity state. We have thus quantified a microscopic
theoretical model that paves the way to better understanding of the Bose-glass physics in DTNX,
as revealed in the related theoretical study [M. Dupont, S. Capponi, and N. Laflorencie, Phys. Rev.
Lett. 118, 067204 (2017), arXiv:1610.05136].
PACS numbers: 71.55.Jv, 75.10.Jm, 75.50.Lk, 76.60.-k
The NiCl2-4SC(NH2)2 (DTN) compound [1], consist-
ing of weakly coupled chains of S = 1 (Ni-ion) spins
with an easy-plane single-ion anisotropy (D), is one of
the most studied quantum spin materials [2]. Between
the two critical magnetic fields Hc1 and Hc2, it presents a
magnetic-field-induced low-temperature (T ) 3D-ordered
phase, described as a Bose-Einstein condensate (BEC)
[2–5]. DTN is particularly convenient for studying this
phase; for a magnetic field (H) applied along the chain
c axis, its (body-centered) tetragonal symmetry [6] en-
sures the required axial symmetry of the spin Hamil-
tonian with respect to H. The values of its exchange
couplings and D (Jc/kB = 2.2 K, Ja,b/kB = 0.18 K,
D/kB = 8.9 K) [7, 8] make the BEC phase easily accessi-
ble, with Hc2 = 12.32 T [9–11] and the phase transition
temperature Tc below Tcmax = 1.2 K. The system can
be reasonably considered as quasi-one-dimensional (1D),
with Ja,b/Jc = 0.08.
Br-doped DTN, Ni(Cl1−xBrx)2-4SC(NH2)2 (DTNX),
allows studying the effect of a bond disorder, which may
lead to the appearance of a localized Bose-glass (BG)
phases adjacent to the (now inhomogeneous) BEC phase
[12], as suggested from the thermodynamic measure-
ments [13]. The BG state, first discussed for quantum
wires [14] and superfluid 4He absorbed in porous media
[15, 16], remains elusive, with only a few experimental
examples [17–20], particularly rare for condensed-matter
systems in the thermodynamic limit [21], such as DTNX
[13].
We present here the first microscopic information on
the high-field (H > Hc2) disordered state in DTNX,
where the low-energy spin fluctuations (dynamics) are
measured by 1H and 14N nuclear spin-lattice relaxation
rate (T−11 ), while the NMR spectra revealed the local
spin polarization [22]. As compared to pure DTN, the
main feature of spin dynamics in DTNX is a peak of T−11
appearing at H∗ ∼= 13.6 T independently of the doping
level. This is attributed to the level crossing of single-
particle states strongly localized at the doped-bond po-
sition, which is then somewhat distributed/disordered
by the mutual interaction of these states. The disor-
der is seen by NMR as the inhomogeneous relaxation,
relatively broad width of the T−11 peak, and by the mod-
ification of the Arrhenius (gapped) T−11 (T ) dependence.
From the NMR spectra we also determined the local spin-
polarization value of the spin adjacent to the doping posi-
tion, which allows us to determine the related local impu-
rity exchange coupling (J ′) and the impurity single-ion
anisotropy (D′) [13, 23]. We thereby fully characterize
the impurity state created by doping, and find that it
is strongly localized on impurity, having extremely short
correlation lengths. Above Hc2, many-body physics is
thus controlled by the effective pairwise interaction be-
tween such localized impurity states. This sheds a new
light on the BG physics expected in this system above
Hc2 [13]; while a BG regime implies the absence of any
long-range order down to T = 0, in the related theoret-
ical work [23] it is shown that around H∗ the impurity
states order at low T , thereby profoundly changing the
phase diagram.
The present investigation of DTNX is based on previ-
ous NMR work on DTN samples [24, 25], enabling pre-
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FIG. 1. Magnetic field dependence of T−11 measured by
14N (crosses) and 1H (other symbols) NMR in DTN (from
Ref. [11]) and Br-doped DTNX at 2 K. Vertical dotted line de-
notes the Hc2 = 12.32 T position in DTN. Orange dashed and
dash-dotted lines show gapped behavior, e−3∆/T and e−∆/T ,
respectively. Inset: exponents β of the “stretched exponen-
tials” used to fit the relaxation curves in DTNX.
cise knowledge of the hyperfine coupling tensors (A) that
relate the spin polarization to the local magnetic field ob-
served by the NMR frequency shift of 1H and 14N nuclei.
Three different doping levels, x = 4%, 9%, and 13%,
of DTNX single crystals were studied in a 4He cryostat,
with H ‖ c within 1◦. The 4% doped crystal was further
studied at a lower temperature in a dilution refrigerator,
with a fixed orientation where the c-axis tilt was 2.5◦.
Figure 1 presents the doping dependence of 1H T−11
taken at T = 2.0 K, which is well above Tcmax. The sys-
tem is thus in the 1D Tomonaga-Luttinger liquid regime
above the BEC phase [11]. Below Hc2 one thus observes
high T−11 values (spin fluctuations), which are nearly dop-
ing independent. Upon increasing field this is followed by
the critical regime around Hc2, presenting for the pure
DTN a strong decrease of spin fluctuations. This depen-
dence is very close to what is predicted for the critical
regime by the second order processes for the transverse
spin fluctuations [26], 〈S+S−〉 ∝ e−3∆/T , corresponding
to triple of the gap value, ∆ = gcµB(H −Hc2)/kB , that
magnetic field opens for a spin-1 excitation, where the
g-tensor value is gc = 2.26 [7]. One tesla above Hc2 this
strong decrease of T−11 is slowed down as the longitudinal
fluctuations become dominant; they are indeed expected
to decrease much slower, directly reflecting a (single) gap
opening, 〈SzSz〉 ∝ e−∆/T , which is close to what is ob-
served in the T−11 data at the high-field end for all doping
values [27].
The most obvious effect of the doping is the appear-
ance of a peak in the 1H T−11 at 13.6 T, whose position is
nearly independent of doping while its strength increases
and then saturates above x = 10%. This is accompanied
by a strong spatial inhomogeneity of T−11 , observed as
a stretched exponential relaxation of nuclear magnetiza-
tion, ∝ e−(t/T1)β . The β values reflect the spread of the
distribution of local T−11 values, decreasing from β = 1
for a homogeneous system, to reach a distribution width
of one order of magnitude (on a logarithmic scale) already
at β = 0.74 [24, 28, 29]. Here the spatial inhomogeneity
of local spin fluctuations develops in DTNX above Hc2,
and is particularly strong at the T−11 peak.
We remark that, in general, T−11 is sensitive to both
transverse and longitudinal spin fluctuations, through
the diagonal and off-diagonal elements of its A tensor,
respectively. This is particularly valid for 1H T−11 where
all the elements of its A tensor are of the same order of
magnitude [24, 25]. In contrast to that, T−11 measured on
the high-frequency line of 14N (see inset to Fig. 3), whose
A tensor is strongly dominated by its isotropic compo-
nent, is strongly dominated by transverse spin fluctua-
tions. The nature of spin fluctuations can thus be distin-
guished by comparing T−11 measured on the two nuclei.
For example, in Fig. 1 the T−11 peak is barely visible
in the 14N T−11 data (measured only for the 4% doped
DTNX), meaning that at this temperature it dominantly
reflects longitudinal spin fluctuations. Note that the 14N
T−11 values are multiplied by 3, in order to overlap the
1H and 14N data points below Hc2, where the transverse
spin fluctuations are dominant [26].
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FIG. 2. Magnetic field dependence of T−11 measured by
1H
and 14N NMR in 4% doped DTNX at 113 mK. Red dash-
dotted line presents the e−∆/T gapped behavior. Upper in-
set: stretch exponents corresponding to the T−11 data. Lower
inset: temperature dependence of T−11 at three characteristic
field values. Orange dashed line is the “distributed gap” fit,
see the text.
3Figure 2 presents the T−11 data for the 4% doped
DTNX, both for 14N (closed symbols) and 1H (open sym-
bols), taken at very low temperature, T ∼= Tcmax/10.
There are two strong T−11 peaks: a very sharp one at
Hc(113 mK) = 12.14 T corresponds to critical fluctua-
tions at the phase boundary of the ordered BEC phase,
while the second one is at the same position as at a
high temperature, H∗ = 13.63 T. It has kept approxi-
mately the same width, which should thus be associated
to an intrinsic disorder and not to a temperature effect.
Since the transverse spin fluctuations are dominant at
the BEC phase transition, the 1H and 14N data points
overlap there. Unlike at high T , the same is now valid
close to H∗, meaning that the nature of spin fluctua-
tions has changed there. Outside of these two T−11 peaks
the 1H data points lay above the 14N data, reflecting
the presence of longitudinal spin fluctuations. On the
right-hand side of the H∗ peak, where the T−11 (H) de-
pendence is not affected by the critical regime related to
Hc2, experimental points follow a gapped, ∝ e−∆/T , de-
pendence [27]. The inset to Fig. 2 shows that the T−11
values taken at H∗ are nearly T independent, while the
T−11 (T ) dependence at 14.45 T is close to, but not exactly
the same gapped behavior as observed in the H depen-
dence. Remembering that the relaxation is here spatially
inhomogeneous, this can be easily modeled: for simplic-
ity we assume that the corresponding distribution of the
local gap values is Gaussian, centered at ∆0 and having
the variance δ. One can then analytically calculate the
average gapped behavior, 〈e−∆(r)/T 〉 ∝ e−∆0/T eδ2/(2T 2).
Fitting the 14.45 T 14N data to this dependence we esti-
mate the distribution of H∗ values, δ = 0.2 T, reflecting
the disorder of the system. As δ is field independent,
we also understand that the previously discussed H de-
pendence of T−11 , taken at fixed T , remains unmodified,
simple gapped behavior.
We note that the peak in T−11 is observed for all doping
values at the same field value H∗ where the steplike in-
crease is found in the magnetization measurements and
associated to the number of dopants [13]. This mag-
netization step, together with the previously discussed
(gapped) H and T dependences of T−11 are then analo-
gous to what is observed in the molecular antiferromag-
netic rings, where a peak of T−11 appears at each crossing
of molecular levels [30, 31]. In DTNX the peak should
then be associated to crossing of levels of the impurity
states localized on Br dopants. As the distance, and
thus the mutual interaction between these states are (ran-
domly) distributed, we speak of disordered level-crossing
physics.
The final confirmation of this scenario comes from the
observation of the local spin value of one of the two impu-
rity sites linked by the Br-doped bond. Indeed, in the 14N
NMR spectrum shown in Fig. 3, inside the gap produced
by the main quadrupolar splitting of the high-frequency
line (14N being a spin-1 nucleus), one can clearly observe
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FIG. 3. H dependence of the local magnetization (right
scales) measured in 4% DTNX by the NMR line position (left
scale) of the high-frequency 14N regular line (circles and pen-
tagons, outer right scale) and impurity line (other symbols,
inner right scale for diamonds and crosses) at 0.89, 0.30 and
0.113 K. Blue solid line is the 0.94 K magnetization of pure
DTN from Ref. [9]. Vertical dash-dot-dot line denotes the
level-crossing value H∗ = 13.63 T. Other tanh-shape lines
are the “two-level fits”, see the text. Inset: 14N spectrum
at 0.89 K and 10.96 T, where the colors (or gray hues) de-
note different contributions: light blue, brown and red, for the
N(2), N(1) sites (including the overlap of the two sites), and
the doped “impurity” N(1) site, respectively. By shifting and
upscaling this latter contribution (red line), one can perfectly
overlap the regular N(1) line shape.
a small signal whose shape closely mimics the 4 peaks
of the main line (where this fine-split quartet is due to
the 2.5◦ tilt of the sample). This means that we observe
the impurity spin site at position “1” in Fig. 4, having
unperturbed D value. The intensity ratio of this impu-
rity signal and the main line is indeed close to the ex-
pected value, 2x/(1− 2x) = 0.09 [32]. We can thus sep-
arately measure the local polarizations of the impurity
site and of the main regular sites away from the doped
bonds. These latter are practically unaffected by doping
and closely follow the magnetization of the pure DTN
(Fig. 3), defining thus the corresponding (global) hyper-
fine coupling Acc(q = 0). For a simple two-level crossing,
the H dependence of the impurity spin polarization has
a Brillouin-like behavior, starting at mlow and saturat-
ing at 1: m1(H,T ) =
1−mlow
2 tanh
gcµB(H−H∗)
2kBT
+ 1+mlow2 .
As much as the NMR line position of the weak impurity
signal could be resolved from the intense regular NMR
lines, its position (diamond symbols in Fig. 3) is indeed
following this prediction. However, we can expect that
the simple model of independent impurities will be af-
fected by disorder close to H∗. Indeed, at low T and
close to H∗ we observed complex bicomponent spectra,
and above H∗ the impurity signal was screened by a weak
H-independent signal, denoted by crosses in Fig. 3.
Extracting the value of the local spin polarization from
4the frequency of the impurity line is nontrivial. The
global Acc(q = 0) value, determined from saturated mag-
netization of the regular NMR line, consists of two un-
known local couplings of 14N nucleus to the two clos-
est (Ni) spins, and of known dipolar coupling to spins
that are further away: Acc(q = 0) = A1 + A2 + Adip.
Precisely these unknown local couplings are active in
measurements of individual, local spin values. If A1
and A2 are comparable but unequal, a completely lo-
calized spin depolarization, (1 − mlow), will be seen as
two distinct NMR lines, corresponding to the two differ-
ent neighboring 14N nuclei. We could identify the second
NMR signal of the impurity site, shown by triangles in
Fig. 3, and thus completely determine all the couplings:
A1 = 77.4%, A2 = 22.6%, Adip = 0.03%, all relative to
Acc(q = 0) = 1.463 MHz/spin-1. This defines the local
polarization scale (right inner scale in Fig. 3) and the
local low-T (de)polarization value mlow = 0.365(5).
This mlow value, together with H
∗ determined from
14N T−11 of Fig. 2, enable us to directly determine the
doping-induced, locally modified parameters J ′ and D′.
We further observe that H∗ is doping independent up to
a very high percentage of doped bonds (2x = 26%) [32],
suggesting that these impurity states are strongly local-
ized, and that a single-impurity model may capture most
of the physics. Indeed, a level crossing naturally arises
from a simple model describing a single doped (and thus
more strongly coupled) S = 1 dimer embedded in its
(mean-field, less coupled) clean environment, leading to
qualitatively reasonable results. Furthermore, from this
model we learn that one of these impurity states is pre-
cisely the localized state observed by neutron diffraction
at H = 0 above the magnon band [33], and that further
localized states that can be seen in Fig. 7 of Ref. [33],
slightly below the top and below the center of the band,
belong to the same multiplet of impurity states.
Including quantum dynamics provides crucial informa-
tion on the (de)localization of the spin around the impu-
rities [23]. For a single impurity, this can be studied
both analytically or numerically by exact diagonaliza-
tion (ED). Using H∗ and mlow values we precisely de-
termine the local parameters of a doped dimer, yielding
J ′ = 2.42Jc and D′ = 0.36D [34]. The magnetization
profile of the Sztot = 1 impurity state displays an expo-
nential decay, 1 − mzj ∝ e−|j|/ξ, with a very short lo-
calization length ξc ' 0.48 (in lattice units) along the
chains and ξa,b ' 0.17 in the transverse directions (inset
of Fig. 4), clearly demonstrating strong localization of
the spin density on the doped dimer.
Importantly, such localized impurity states do not al-
ways behave as decoupled free spins. They might get
correlated at low enough temperature as many-body ef-
fects are expected to arise from a distance (r) dependent
pairwise coupling between randomly located impurities,
although it should rapidly decay with r [35]. We con-
firmed this using ED calculations by introducing two im-
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∗).
purities at varying distance r along and transverse to the
chains. The effective coupling between the two impurities
states, shown in Fig. 4, is found to be (i) controlled by
the bare couplings Ja,b,c and exponentially suppressed
with r/λa,b,c (λa,b,c ' 2ξa,b,c), and (ii) nonfrustrated,
preserving the AF character of the underlying micro-
scopic model. This nontrivial result paves the way to
contemplate the level-crossing physics, unveiled by NMR,
as the building blocks for a new type of “order from dis-
order” [36] mechanism. In close analogy with impurity-
induced long-range order observed in various spin-gapped
systems [37], the nonfrustrated character of the effective
coupling between localized two-level systems offers favor-
able conditions for the impurity states to eventually get
ordered at a low temperature, in stark contrast to previ-
ously reported Bose-glass physics in the same regime [13].
Indeed, the ordering of impurity states could have been
suspected from the previous theoretical study of a related
model system [38], and the existence of a new (inhomoge-
neous) BEC phase centered on H∗ is now unambiguously
confirmed by a new numerical study of DTNX [23].
To conclude, our NMR study allowed us to precisely
quantify the impurity states in DTNX, which are strongly
localized and play a crucial role in the physics of the Bose-
glass regime reported above Hc2. The system can be
effectively described by two-level impurity states whose
pairwise interaction is finite, albeit exponentially sup-
pressed with distance. We have thus built a basis to
theoretically access the many-body correlations between
5impurities. This enabled a critical reexamination of the
phase diagram of DTNX above Hc2: the related theoret-
ical work [23] determines the (doping-dependent) exten-
sion of the field range where an inhomogeneous, ordered,
BEC-type phase, related to the level crossing, is replac-
ing a true Bose-glass regime. Our work thus sets a mi-
croscopic basis and proper delimitations of the impurity-
induced BG regime for all further studies.
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